The present study describes variation of peak linear depolarization ratio (LDR) with wind around the cloud altitude using simultaneous observation of winds and cirrus cloud for the first time using Indian MST radar and polarization lidar co-located over a low latitude station Gadanki ( 
Introduction
Cirrus clouds have long fascinated the scientists because of their variable microphysical and optical properties. They are thin wispy clouds blown in high winds and intermittently associated with strong turbulence in the region of upper troposphere and lower stratosphere [1] . These clouds will significantly affect the Earth's climate through infrared absorption and solar albedo effect [2] . Their contribution to the radiation budget strongly depends on their optical and geometrical properties. Space borne lidars, in situ measurements and ground based experiments showed that nearly, 20% -30% of Earth's atmosphere is covered with cirrus clouds. They are globally distributed and composed predominantly of ice particles (e.g. [3] ). Their frequency of occurrence is so high over tropics causing a significant warming to the equilibrium climate through the interaction processes between cloud and radiation [4] .
Cirrus clouds form at different altitudes in different geographical locations, ranging from 8 to 20 km [5] . For example, at mid-latitudes, thin cirrus will occur between 8.5 and 11.5 km altitude region [6] - [10] with a persistence of few hours only which is because of rapid crystal growth and dissipation by precipitation due to high tropopause temperatures [11] and over tropics they usually occur in the altitude region of 8 -17 km [12] . In tropics the maximum occurrence of cirrus clouds is in the 13 -14 km altitude region [12] . The mean altitude of cirrus cloud will increase with the decrease in cold point temperature near the tropopause [1] [12] . They have also reported that sharp discontinuity in vertical gradient of eddy diffusion coefficient due to divergence followed by convergence above in the strong and persistent region of cirrus is responsible for the formation of cirrus. In fact, these clouds are confined to occur very near to the tropopause region [13] - [16] . [17] has also reported that the horizontal extent of cirrus can be more than ~1000 km and they can persist for few hours to few days in the tropical region [12] . The reason for the long time persistence of cirrus clouds near the tropical region is due to the utilization of absorbed infrared radiation for lifting the cloud layer under weak vertical wind instead of raising the temperature of local air parcel with the absorbed radiation [11] . Especially, in tropics these clouds will often appear below the tropopause and those clouds that appear near tropopause will act as tropopause tracers [18] .
Cirrus clouds are composed of complex structures and are spatially inhomogeneous due to shear in the horizontal wind, therefore alter the radiative properties [19] . In general, atmospheric circulation will be affected by vertical gradient of radiative forcing due to cirrus clouds especially in the UTLS region (e.g. [20] ). Since, cirrus clouds will influence the dehydrated air entering into the UTLS region there by affecting the climate change. Cirrus clouds will also play an important role on the atmospheric chemistry by reducing the ozone concentration and may also take active part in the chlorine chemistry during their presence especially near tropical and midlatitude regions [21] .
The accurate determination of the microphysical properties and vertical structure of cirrus clouds necessitates knowledge on dynamical processes (e.g. [22] ). In this context, very few studies have focused on the wind motions around cirrus clouds [10] [23] [24] . Cirrus clouds can be monitored with the help of either ground based/ space-borne lidars or a combination of both [6] . At the same time the wind information around the cirrus clouds can be monitored with the help of clear-air radars. The present study describes the variation of winds during the passage of cirrus clouds noticed at different altitudes using three different Cases over Gadanki.
Data and Methodology

MST Radar
The present observations were made using VHF radar located at Gadanki (13.47˚N, 79.18˚E), a tropical station in India. The radar system details are given by [25] . The data collected by the VHF radar operated in Doppler Beam Swinging mode with six beams (viz. East, West, Zenith-X, Zenith-Y, North and South) during which the passage of cirrus clouds over Gadanki by the co-located lidar for the three Cases, i.e., on 02 November 2006, 25 July 2007 and on 08 June 2006 with a height resolution of 150 m and a temporal resolution of 4 min has been used to study the continuous wind motions around the tropical cirrus clouds.
Mie Lidar
A monostatic, dual polarization lidar (operated at 532 nm) installed at National Atmospheric Research Laboratory (NARL), Gadanki (13.45˚N, 79.18˚E) has been used for observing the spatial and temporal variations of cirrus clouds during 02 November 2006, 25 July 2007 and 08 June 2006. The detailed description of the lidar system can be found elsewhere [26] . The altitude profiles of signal intensity received by linear and orthogonal polarization channels were obtained with a bin width of 2 μs (corresponding to an altitude resolution of 300 m) and summed over 250 seconds constitutes the basic lidar signal. The lidar data were processed using algorithm described by [27] to estimate the altitude profile of particulate backscatter coefficient (β a ) from 7 -30 km altitude range by taking the reference altitude as 30 km where the value of β a is assumed to be insignificant. For lidar signal inversion, altitude profile of molecular backscatter coefficient (β mol ) is essential and is estimated using altitude profiles of pressure and temperature data from Radiosonde launched every day at 17:30 IST since August 2006 over Gadanki.
Further, we have used the particulate backscatter coefficient to determine the cloud vertical structure (cloud base and top altitudes), cloud backscatter coefficient (β c ) and the lidar derived Linear Depolarization Ratio (LDR). For the determination of cloud base and top altitudes, three basic methods were developed during Experimental cloud Lidar Pilot Study-ECLIPS [28] . They are: 1) the Differential Zero Crossing method [29] , 2) the threshold method [28] , and 3) a quantitative approach based on the clear air assumption [6] . In the present study, however, we used method-3, in order to determine the cloud base and cloud top altitudes.
Method-3
In this method, the altitude profiles of cloud backscatter coefficient β c (z) has been calculated for the determination of cloud borders. First of all, we have computed the backscatter ratio S(z) of the lidar signal and then, the altitude profiles of the molecular backscatter coefficient β mol (z) has been obtained using the altitude profiles of the number density of molecules N mol (z) by averaging pressure and temperature profiles obtained by radiosonde. Now, the cloud backscatter coefficient β c (z) can be computed by using the formula β c (z) = (S(z) − 1) * β mol (z) [10] . In order to determine the cloud borders, we have to find the threshold value of β c (z), 1) which should be small enough to observe small variations in β c (z) due to the presence of cloud particles, and 2) the threshold should be large enough to determine the uncertainties in the received signal at the cloud borders due to fluctuations in β c (z). The threshold value can be changed arbitrarily to satisfy 1) and 2). This low value of β c (z) threshold will capture all the layers of enhanced scattering above the level of molecular and ambient aerosol backscatter, includes sub visual cirrus as defined by [6] . Now, the altitude profile of total backscatter β t (z) = (β c (z) + β mol (z)) will be obtained by using the cloud backscatter coefficient β t (z) using lidar. Finally, by plotting the β t (z) and β mol (z) together, one can automatically retrieve the cloud base and top altitudes more accurately , since, there will be proper coincidence between profiles of β t (z) and β mol (z) except in the cloud region. The reason for using method-3 in determining the cloud base and top altitudes is that, this method can give more precise values of cloud base and cloud top altitudes. Whereas, the methods-1 and -2 which are closely related (distinguishes a change of slope from the decreasing total backscatter just below the cloud base to the sharp rise in backscatter above cloud base) requires fine tuning in order to avoid triggering of cloud base by random noise, short range spikes and also tuned to ignore small enhancements in backscatter below the cloud base caused by aerosol precondensation growth. In order to overcome some of the above mentioned problems, [6] have developed the method-3, which can be used for low-density clouds also. Hence we have used the method-3 for finding the vertical structure of the broad cirri form clouds.
In addition, we have used pressure to height converted 6 hourly zonal wind and temperature data sets available at 37 standard pressure levels (1000 hPa to 1 hPa) from ERA-Interim Reanalysis [30] downloaded from http://data-portal.ecmwf.int/ for the present study to depict effect of synoptic scale features on the passage of cirrus clouds over the observational site.
Results and Discussion
Wind variations around the cirrus clouds were monitored by using MST radar and Mie lidar co-located over Gadanki (13.5˚N, 79.18˚E) (location map is shown in Figure 1 ) using three different cases, one during postmonsoon season and the other two during Indian summer monsoon. (Figure 4(a) ). (Figure 2(b) ). The presence of cirrus is noticed between ~12.6 -16.5 km and the corresponding wind information can be noticed from the winds determined using MST radar (Figure 4(b) ).
Case-(c):
The presence of multiple clouds is noticed at ~12.4 km -14.5 km and ~16.2 -17.1 km altitude regions from β c between 03:00 -05:00 LT on 08 June 2006 (Figure 2(c) ) and its corresponding wind variation available between 02:00 -05:30 LT can be noticed from the Figure 4(c) .
Figures 2(a)-(c) describes the altitude-time plot of the cloud backscatter coefficient β c calculated using lidar. During Case-(a) cirrus cloud is found to be present in the ~13 -14.8 km altitude region with cloud top altitude located at around ~14.8 km. During Case-(b), we have noticed the presence of cirrus at two different altitudes, one corresponding to cloud top of ~16.5 km and another with a cloud top of ~13.7 km which might be due to the detachment of cirrus from the original cloud which can be noticed from β c especially, between 23:00 to 24:00 LT (as in Figure 2(b) ). In Case-(c), there is two layers of cirrus with cloud tops of ~14.5 km and ~17.2 km is found between 03:00 LT to 05:00 LT on 08 June 2006 respectively. Except in Cases-(a) and -(c), we have noticed a slight descent in the cloud top altitude in Case-(b) (as seen in Figure 2(b) ) between 23:00 LT to 24:00 LT.
In order to discriminate the cloud phase and also to observe the effect of wind on the cirrus cloud, we have calculated the values of Linear Depolarization Ratio (LDR) for all the three Cases. Figures 2(d)-(f) shows the height-time zenith lidar display of the LDR which is a trace of cirrus cloud. The peak LDR values are found to be 0.182, 0.089 and 0.23 for the Cases-(a) to -(c) respectively. [12] has classified that the cirrus clouds with LDR < 0.15 are composed of liquid layer and those with LDR between 0.16 -0.25 are composed of super cooled layer (like ice). Hence, the cirrus clouds observed during Cases-(a) and -(c) are composed of super cooled layer and in Case-(b) the cirrus cloud is composed of liquid layer. As reported by [31] cirrus cloud with low values of LDR corresponds to regular quasi-spherical or horizontally oriented and flat ice crystals. While, high values of LDR indicates randomly oriented and highly non-spherical ice particles. We have also noticed that the clouds occurring at higher altitudes (lower temperatures) during Case-(c) show high LDR than the clouds observed at lower altitudes (higher temperatures), during Cases-(a) and -(b) indicating strong dependence of LDR on the ambient temperature conditions of surroundings [32] . It is observed that low to moderate values of LDR indicating low ice water content, which is consistent with the earlier investigations [8] [12] [23] [33] .
While classifying cirrus clouds as visible and sub visual, [6] has projected a threshold value for cloud optical depth (COD) as 0.03 for the sub visual cirrus cloud for the first time at an optical wavelength of 694 nm. The values of COD are found to be 0.08 (visible) for the Case-(a), 0.04 (visible) for the Case-(b) and 0.06 for the lower cloud layer (visible) and 0.001 for the upper cloud layer (sub-visual) for the Case-(c), respectively. It is clear from the values of COD for the present study that the COD shows a direct correlation with ambient temperature, since we have noticed cirrus at different altitudes during the cases of present study, which is in agreement with the previous results [12] [23] [24] .
Further, we have determined the cloud base and top altitudes by using the method-3 as in [6] as shown in peaks one corresponding to regular cirrus which is noticed with cloud base and top altitudes at ~14.6 km and ~16.5 km and the other corresponding to the detached cloud with cloud base and top altitudes at ~12.6 km and ~13.7 km noticed between 23:00 -24:00 LT for the Case-(b). During Case-(c) there are two cirrus layers one with cloud base and top altitudes at ~12.3 km and ~14.5 km and the other at ~16.1 km and ~17.2 km, respectively. Figures 4(a)-(c) shows the MST radar winds (u, v and w) during the passage of cirrus cloud over Gadanki for the three Cases. In Case-(a), we observed a westerly wind (Figure 4(a) ) with a maximum of ~5 m/s just below the cirrus cloud altitude from 01:00 LT to 04:30 LT. Zonal wind below the cloud height (BCH, 12.0 -13.0 km) is found to show similar variation as that of LDR within in the cloud (Figure 5(a) ). Above the cloud height we have noticed weakening of westerly wind when the LDR is strong. Later again westerly wind BCH is found to show significant increase in magnitude with time. Even though it is difficult to depict variation of winds during this type of small-scale/short-time phenomena of cirrus cloud passage using Re-analysis data sets, a significant increase in the zonal wind with time (as in Figure 4(a) ) can be explained by the existence of a sub-tropical westerly jet (as shown in Figure 6(a) ) whose outer core existed to the North of Gadanki (13.45 N) . No significant feature is observed in the meridional wind relating to the passage of cirrus, but it is becoming weaker in magnitude with time. Even though there is no significant feature noticed in vertical wind during the passage of cirrus during Case-(a), but it is found to be increasing in magnitude similar to that of zonal wind.
In Cases-(b) and -(c), we have noticed tropical easterly jet (Figure 4(b) and Figure 4 (c)) which is often noticed in the months of (monsoon) June, July and August whose speed is found to be more than 30 m•s −1 in the present observation. As this jet is continuous for the months of time, so it is difficult to interpret the effect of this wind on the microphysical properties of cirrus clouds present in these heights. But, there may be a chance of these clouds to move in the direction of wind. In Case-(b), the meridional wind is found to be slightly fluctuating from northerly to southerly above the cloud height (ABH, 16.5 -17.5 km) (Figure 4(b) ). Within the cloud height (WCH, 13.5 -15.5 km) it shows similar trend as that of LDR but the meridional wind (southerly) is increasing in magnitude with decrease in LDR (Figure 4(b) ). The vertical wind is also found to show strong fluctuations within the cloud height and above the cloud the vertical wind is found to be mostly upward (Figure  4(b) ). In Case-(c), for the lower cloud layer, the meridional wind within the cloud height (WCH, 12.5 -14.5 km) is found to show almost opposite variation as that LDR (Figure 5(c) ), i.e., meridional wind is decreasing with increase in LDR. Above the lower cloud layer (14.5 -15.5 km) northerly wind is dominant with an amplitude of ~15 m/s except between ~ 3.5 -4.5 h (Figure 4(c) ). For the upper cloud layer, again the meridional wind is found to show opposite variation as that of LDR (Figure 5(d) ) as in Figure 5(c) . Even though the vertical wind is slightly fluctuating, it is upward dominant up to ~3:15 h; it is dominantly downward in the later hours.
In order to describe the synoptic scale features during the passage of cirrus clouds over the experimental site we have plotted Era-Interim zonal wind and potential temperature distributions over the latitudes from 5˚ to 30˚N for the three Cases. Figure 6(a) 
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The westerly wind is found to be maximum (larger than 40 m•s −1 ) around 24˚ -26˚N latitude. Gadanki (13.5˚N) is southward of the core of the subtropical westerly jet. The westerly wind over Gadanki region showed a little increase in velocity (above ~10 km) with altitude and is ~5 m•s −1 near tropopause region (~15.5 km). The wind is found to show increase in speed with time as seen both from MST radar (Figure 4(a) ) as well as from ERAInterim data (Figure 6(a) ). Same as Figure 6(a), Figure 6 Minimum value of potential temperature gradient is to depict the region of maximum or minimum air mass mixing that takes place in the atmosphere. From the above values of potential temperature gradient one can state that the maximum air mass mixing will takes place when the cirrus cloud exists in the region of tropopause folding.
Though the coarser vertical and time resolutions of Era-Interim reanalysis (Figure 6 (a) and Figure 6(b) ), there is discrepancy from observations, it hasn't shown similar tropopause variation as the observed one. 
Summary and Conclusions
Using Mie lidar observations of cirrus clouds over Gadanki, we have determined the cloud vertical structure (i.e. the cloud base and top altitudes) for three different Cases one during winter and other two during summer monsoon season by using a quantitative approach based on the clear air assumption as proposed by [6] . Further, we have examined the variation (ascent/descent) of cloud base and top altitudes with the help of cloud backscatter coefficient β c , for all the three Cases and found that there is a significant descent during Case-(b) between 23:00 -24:00 LT. From values of peak linear depolarization ratio (0.182, 0.089 and 0.23) it is found that the cirrus cloud is associated with randomly oriented, highly non-spherical ice particles in all the three cases as in Thomas et al. (1990) . It is clear from the values of COD for the cirrus observed at different altitudes in Cases-(a), -(b) and -(c) that the cirrus clouds are found to be visible in all cases except for the cirrus noticed near the tropoapuse region during Case-(c), which is sub-visual [6] .
We have examined the effect of background winds on cirrus clouds with the help of MST radar collocated near to the lidar over Gadanki. A significant result noticed with the help of MST radar in present study is that zonal wind below the cloud height has shown similar variation as that of LDR during Case-(a) and above the cloud height zonal wind is weak when LDR is strong, later the zonal wind BCH has started increasing. The increase in zonal wind over Gadanki is further justified by the existence of outlier of sub-tropical westerly jet core from ECMWF Reanalysis dataset. By observing zonal wind for Case-(b) and Case-(c) that, it is difficult to interpret the effect of TEJ on the microphysical properties of cirrus clouds present in these heights. Further justification has to be made by a number of simultaneous lidar and radar measurements during the passage of cirrus clouds in the monsoon period. But, within the cloud heights the meridional wind is found to show almost opposite variation as that of LDR, for Cases-(b) and -(c) i.e. the LDR is increasing when the meridional wind is decreasing in magnitude, vice versa.
The vertical wind is found to be increasing similar to that of zonal wind in magnitude during Case-(a). In Case-(b) the vertical wind has shown strong fluctuations within the cloud height and it is found to be mostly upward above the cloud altitude and during Case-(c) it is found to be upward dominant up to ~3:15 h and is mostly downward in the later hours.
[23] using MST radar has shown that there were enhanced horizontal winds, significant wind shear and significant decrease in vertical velocity at boundaries of cirrus. It indicates that strong circulation at the cloud boundaries will lead to entrainment in the vicinity of cirrus clouds.
Finally, an interesting feature from the Radiosonde data is the noticed double tropopause structures in all the three Cases of observation. The gradient of potential temperature is found to be maximum for Case-(b) and -(c) [10] when the cirrus cloud is present near the tropopause and is minimum when the cirrus cloud is well below the tropopause folding. The significance of maximum or minimum value of potential temperature gradient is to depict the region of maximum or minimum air mass mixing that takes place in the atmosphere.
